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Abstract. Nanocomposites of a polymer and carbon nanotubes exhibit high electrical 
and thermal conductivity and enhanced mechanical properties in comparison to the 
polymer alone. Film formation from latex dispersions is an ideal way to create 
nanocomposite coatings with the advantages of solvent-free processing and a high 
uniformity of dispersion.  It is shown here that carbon nanotubes functionalised with 
poly(vinyl alcohol) (PVA) can be blended with two types of acrylic latex to create 
stable colloidal dispersions without the need for added surfactant or emulsifier. 
Waterborne nanocomposite films with optical transparency can be formed.  
Microscopic analysis shows that the PVA-functionalized nanotubes are finely and 
uniformly dispersed in the polymer matrix. 
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1.  Introduction 
As a result of efforts worldwide by theorists and experimentalists, a very good understanding 
of the mechanisms of latex film formation has been achieved.  There has been a clear 
identification of the factors that influence the uniformity of the drying of latex films in both 
directions:  lateral1 (i.e. parallel to the substrate) and vertical2,3 (i.e. normal to the substrate). 
Furthermore, there is now an enhanced understanding of the particle deformation 
mechanisms because of insight gained from the process model of latex film formation, 
proposed by Routh and Russell. 4   Experimental results are broadly consistent with the 
model’s predictions.5 
 
This understanding of latex film formation can now be exploited to underpin the processing 
of new types of coatings and adhesives.  In particular, latex particles can be considered to be 
the “building blocks” in the creation of nanomaterials.  For instance, through careful control 
of the film formation conditions, and through the use of core-shell6 or two-phase particles, the 
material’s structure can be controlled on the scale of tens of nanometers.7  The blending of 
latex particles and inorganic nanoparticles provides a facile means of ensuring dispersion at 
the nanometer scale in composite coatings. 
 
Ever since the first scientific report of carbon nanotubes (CNTs) in 1991, these materials 
have attracted enormous interest owing to their potential applications in field-emission 
devices, electronics, fibers, composites, sensors, detectors, capacitors, hydrogen storage 
media, and fuel cells, among others.8  As of January of 2004, 152 patents relating to nanotube 
applications had been issued, and anothre 274 were pending.  Recent work by numerous 
groups has demonstrated how nanocomposites of polymers and CNTs offer the advantages of 
polymers, such as optical clarity, viscoelasticity and good barrier properties, combined with 
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the strength9 and the high thermal and electrical conductivity10 of CNTs.  Seven patents have 
already been issued for CNT nanocomposites and fibers.8   
 
Four of the most common processing routes for this class of nanocomposites are (1) in-situ 
polymerization,11 (2) melt processing and extrusion,12 (3) casting from a common solvent,13 
and (4) functionalisation of the CNT by polymers.14  Recently, nanocomposite films were 
prepared from CNTs that were functionalized with poly(vinyl alcohol) (PVA) to make them 
dispersible in water.15 The PVA-functionalized CNTs were then dispersed in an aqueous 
PVA solution and cast to create a nanocomposite film with a  PVA matrix. This approach 
does not require emulsifiers or surfactants to disperse the CNTs, the final nanocomposite film 
is water-soluble, of course, and of limited applicability as a protective coating. 
 
Within the past few years, it has been realised that the processing of latex dispersions offers 
an opportunity for blending CNTs with polymers at the nanometer scale to achieve a good 
dispersion in a coating matrix that is not water-soluble.  The key challenge in the processing 
of waterborne nanocomposite coatings is to achieve the low percolation thresholds of CNTs 
that are predicted by theory.16  In one of the first such reports,17 a styrene-butyl acrylate latex 
was blended with multi-walled CNTs that had been suspended in water using sodium dodecyl 
sulfate (SDS).  More recently, Regev et al.18 created nanocomposite films of poly(styrene) 
and poly(methyl methacrylate) using compression molding.  They likewise did not 
functionalize the CNTs but dispersed them in water using SDS or gum arabic.  A possible 
drawback of this approach is that it could increase the hydrophilicity of the coating.  Grunlan 
et al.19 presented evidence that they had achieved a highly-uniform dispersion of single-wall 
carbon nanotubes (SWNTs) in a poly(vinyl acetate) latex film.  The SWNTs were stabilized 
with either GA or poly(vinyl pyrrolidone). According to their measurements of electrical 
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conductivity, percolation of the CNTs occurred at a concentration of 0.04 wt.%.  In this 
present work, we show that crack-free, water-resistant, and optically clear nanocomposite 
coatings can be created using latex processing and functionalized SWNTs.   In this approach, 
there is no requirement for added surfactant or emulsifier. 
 
2.  Materials and Techniques  
2.1. Materials  
Two types of latex were used.  The first type is an acrylic based on a random copolymer of 2-
ethyl hexyl acrylate, butyl acrylate (BA), ethyl acrylate, methyl methacrylate (MMA), and 
other monomers.  It was prepared by semi-batch emulsion polymerization. The polymer has a 
low glass transition temperature (Tg = -45 °C) and has applications as a pressure-sensitive 
adhesive.   The latex dispersion has an average particle size of 190 nm.  The second latex 
polymer is a random copolymer of BA, MMA and methacrylic acid (MAA) in a molar ratio 
of BA:MMA:MAA of 85:10:5.  With its Tg of 20 °C, this latex has applications as a 
protective coating.  The dispersion has a solids content of 50 wt.% and an average particle 
size of 270 nm.  
 
SWNTs, from two different sources and with two different  functionalities, were used.  One 
type was produced by the electric arc-discharge of Ni-Y catalyzed graphite electrodes 
(Carbon Solutions, Inc., California USA).  The material was purified with nitric acid and left 
in a highly-functionalized form.  The resulting SWNTs contain 4 – 6 atomic % carboxylic 
acid (COOH) and have a carbonaceous purity of 80 – 90%. These COOH-CNTs were 
dispersed in dimethyl formamide (DMF) with ultrasonication for 10 min. to create a 
dispersion containing 0.55 wt.% CNT.  The COOH-CNT/DMF dispersion was blended with 
the latex dispersions while stirring, relying on the solubility of DMF and water.  A second 
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type of SWNT was produced via the arc-discharge method at Clemson University.  The 
nanotubes were purified and then functionalized with poly(vinyl alcohol) (PVA) via an 
esterification reaction, as described elsewhere.15 A dispersion of 1.5 wt.% PVA-CNTs in 
water was mixed with the concentrated latex dispersions in various proportions while stirring. 
 
2.2.  Techniques 
With two types of latex (low-Tg and high-Tg) and with two types of SWNT (COOH and 
PVA), nanocomposite films based on the four different combinations were created.  The final 
concentrations of CNTs were as high as 3.5 wt.% on the polymer.  Latex films were cast on 
clean, glass plates with a cube applicator having a gap of 100 µm.  The high-Tg latex films 
were dried at room temperature and then heated to 90 °C for 30 min.. They typically had a 
final film thickness of 35 to 40 µm.  The low-Tg latex films were dried at room temperature 
and were typically 50 µm thick. 
 
The optical absorption coefficients of the films were obtained using a UV/visible 
spectrophotometer (Camspec, UK).  The distribution of CNTs in the films was determined 
using atomic force microscopy (NT-MDT Ntegra Laboratory, Moscow, Russia) in the 
intermittent contact mode.  High tapping free amplitudes and a relatively stiff cantilever 
(spring constant k = 46 N/m) were used.   Electron microscopy was performed using an 
Hitachi S-4000 cold field emission scanning electron microscope using a 20 kV beam with an 
emission current of 10 µA.  Cross-sections of the high-Tg latex were prepared for analysis by 
scanning electron microscopy (SEM), as follows.  The latex dispersion were cast on sheets of 
poly(propylene) and film-formed in the usual way.   The films were immersed in liquid 
nitrogen, and then the brittle films were fractured.  The cross-section surfaces were coated 
with a thin film of Au/Pd prior to SEM analysis.   
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3.  Results  
3.1.  Colloidal Stability 
Each of the two types of CNT could be blended with each of the two types of latex 
dispersion.   The latex dispersions containing PVA-CNTs were found to be highly stable.  
There is no significant amount of phase separation or sedimentation over a period of weeks.  
Similarly, the COOH-CNTs exhibited good stability in the low-Tg latex.  However, in blends 
with the high-Tg latex, the COOH-CNTs were seen to rise to the top of the dispersion slowly 
over a period of several weeks.  The differences in the stability of the two types of blends 
might be because the low Tg latex exhibits some adhesion with the COOH-CNTs that is not 
found with the high Tg latex. 
 
The colloidal interactions between the latex particles and the CNTs were further explored 
using atomic force microscopy.  A very dilute blend of the low-Tg latex and COOH-CNTs 
was cast onto freshly-cleaved mica sheets.  Figure 1 shows the observed distribution of CNTs 
and latex particles.  Nanotube structures with average lengths of ca. 1 µm and heights of ca. 2 
nm (typical for a single SWNT) are observed.  The resolution of the technique, as determined 
by the AFM tip geometry, does not enable a reliable measurement of the diameter of the 
structure, however.  The value of the height is consistent with what is expected if exfoliation 
of the SWNTs had been achieved in the dispersion. 
 
There is also evidence for attraction between the two phases, as some latex particles can be 
observed in Figure 1 to cluster around a SWNT.  In most instances, one or more latex particle 
was attached to the SWNTs. Further indication of the clustering of latex particles around the 
CNTs was given by the visual appearance of the dispersions.  When the low-Tg latex was 
blended with the CNTs, the dispersion became blue. Although the reasons for this 
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observation are not known with certainty, it is likely to be the result of the diffraction of light 
from the latex particles.  The center-to-center distance of the particles in the clusters is on the 
order of one-half the wavelength of blue light.  If the particles are held in place at this 
separation distance, they would diffract light. 
 
In further support of this explanation, other investigations using latex with a larger particle 
size found that the color was red-shifted as the latex diameter was increased.  Furthermore, 
the high Tg latex became gray with the additions of SWNTs.  One reason for this result is that 
these latex particles are less adhesive and do not cluster around the SWNTs. 
 
3.2. Film Formation 
Nanocomposite films with good film integrity and noticeable tack were obtained from the 
low-Tg latex when cast at room temperature.  When casting the blend of the high-Tg acrylic 
and COOH-CNT solution at room temperature, crack-free, films were obtained, whereas as-
cast films from the parent latex had micro-cracking and were opaque.  The quality of the film 
formation improved with the addition of the COOH-CNT because the dimethyl formamide 
used in the processing has a plasticizing effect on the acrylic.  As the PVA-CNTs were 
waterborne, they had no plasticizing effect.  Hence, nanocomposite films of the high-Tg latex 
and the PVA-CNTs were heated at 90 °C for 30 minutes to achieve good film formation.   
 
3.3.   Dispersion of SWNTs 
Percolation theories predict the volume fraction of nanotubes, φc, above which they can create 
a percolating network in an isotropic matrix.  This theory treats carbon nanotubes as 
cylindrical rods that do not interact with each other and are randomly arranged in the matrix.  
It is known from the theory,20 as well as from computer simulations,16 that φc for carbon 
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nanotubes is inversely proportional to the tube’s aspect ratio, a, defined as the ratio of its 
length, L, to its diameter, d.  As an example, for a nanotube with L = 2 µm and with d = 2 nm, 
a = 103.  Then φc is predicted to be less than 10-3.  Because of the high aspect ratio of CNTs, 
percolation in latex films has been observed elsewhere at concentrations as low as 0.04 
wt.%.18   
 
According to AFM analysis, both types of SWNT ranged in length from L = 0.25 µm to 2 
µm, with the majority being less than 1 µm in length.  The average L of the COOH-SWNTs 
was greater than that of the PVA-SWNTs.  The values of d ranged between 2 and 6 nm for 
the COOH-SWNTs and between 2 and 7 nm for the PVA-SWNTs.  The slightly larger d for 
the PVA-functionalized SWNTs is attributed to a thin layer of PVA on the nanotube surfaces.  
The aspect ratios thus spanned the range from about 102 to 103.  In order to achieve the very 
low φc values that are predicted by theory, the nanotubes must be finely and randomly 
dispersed in the polymer matrix.   
 
3.3.1.  Nanocomposites of COOH-SWNTs and Latex 
It is apparent from visual observation of the nanocomposite films that the COOH-SWNTs 
were not uniformly dispersed in the acrylic matrix. Black specks were visible to the naked 
eye, especially at higher SWNT concentrations.  These specks are attributed to large clusters 
of nanotubes.  Figure 2 shows optical micrographs of nanocomposite films containing 
COOH-SWNTs.  In both types of latex, clusters of nanotubes are apparent, but the size and 
shape of the clusters differ.  The clusters tend to be larger and more needle-like in the low Tg 
latex.  The surface of the high-Tg film is rougher, which is attributed to poorer levelling in 
comparison to the low Tg latex. 
 
Published in Progress in Organic Coatings (2006) 57(2),  91-97 
 9 
Atomic force microscopy found regions of the surface of the low Tg latex in which clusters of 
the COOH-SWNTs had emerged. By comparison, thorough AFM analysis of the high Tg 
nanocomposites did not reveal any nanotubes at the film surface.  This result indicates that 
the clusters that are observed optically are embedded in the film below the surface. Figure 3 
shows examples of the two types of nanocomposite film. 
 
There was also evidence for clustering of the COOH-SWNTs in the bulk of the high-Tg films.  
Cross-sectional SEM analysis found a heterogeneous distribution of nanotubes, with some 
regions showing clusters (Figure 4) and other areas having no nanotubes.  In the image at 
higher magnification, the diameter of the nanotube structures is seen to be approximately 30 
nm.  According to this measurement, this structure is likely to be a bundle of CNTs.   
Although the resolution is poor, there is evidence in the image for individual nanotubes 
within the bundle structure.  Incidentally, this analysis also found that complete particle 
coalescence had been achieved.  The fracture surfaces have a ridge pattern that is typical of 
glasses, but there is no evidence for individual acrylic particles.   
 
The nanotube cluster formation is attributed to the relatively poor solubility of the COOH-
CNTs in the water/DMF solution.  Likewise, in the low-Tg films, the COOH-SWNTs might 
adsorb at (or segretate at) the water/air interface because of their relative hydrophobicity.  
The use of COOH-SWNTs imposes a further disadvantage, as they require an organic solvent 
(DMF) for their dispersion.  COOH-SWNTs are therefore unacceptable for applications that 
must be waterborne. 
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3.3.2.  Nanocomposites of PVA-SWNTs and Latex 
The PVA-SWNTs offer the advantage of completely waterborne processsing.  A second 
important advantage is that the PVA-CNTs are much more finely and uniformly dispersed in 
the polymer matrix in comparison to the COOH-CNTs, as found in microscopic analysis. 
 
The good dispersion of the PVA-SWNTs is indicated first of all by their visual appearance.  
As demonstrated in the photographs in Figure 5, high-Tg films (35-40 µm thick) are optically 
transparent up to PVA-SWNT concentrations of about 1 wt.% (on the polymer). At higher 
SWNT concentrations, the films develop a gray tint.  Films made with the low-Tg latex show 
similar optical transparency at lower PVA-SWNT concentrations.  Optical microscopy 
(Figure 6) of the nanocomposite films found no evidence for nanotube clusters.  The 
microgaphs only show a difference in surface roughness between the low and high-Tg latex 
nanocomposites.   
 
AFM analysis of the surfaces of the PVA-SWNT nanocomposites of both types of latex 
found no evidence for either individual nanotubes or clusters, even at SWNT concentrations 
as high as 1.4 wt.% on the polymer.  Surveys of the low-Tg latex surface in SEM analysis 
revealed a few instances of nanotubes at the air surface.  Analysis of the cross-sections of the 
high-Tg latex nanocomposites revealed that the nanotubes were uniformly distributed 
throughout the film.  In most cases, the nanotubes are found in isolation rather than in a 
cluster.  Figure 7 gives an example of the observed microstructures.  The Au/Pd coating, 
which was required for SEM analysis, has the effect of masking fine features.  It also might 
make the diameter of the SWNTs appear larger.  The resolution of the image is not sufficient 
to say with certainty whether the SWNTs are exfoliated or are present in the form of ropes or 
bundles.  As there was no plasticizing effect from DMF in this case, the particle coalescence 
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is less complete in comparison to the COOH-SWNT nanocomposites.  Interparticle voids are 
seen. 
 
3.4.  Optical Absorption of Nanocomposite Films 
Measurements of optical clarity are a good indicator of how finely nanotubes are dispersed in 
a matrix.  Quantitative assessment of the optical clarity of the nanocomposite films is 
presented in Figure 8.  For both types of latex, the optical absorption coefficient of 
nanocomposite films containing PVA-CNTs is about an order of magnitude lower than that 
of nanocomposites containing COOH-CNTs. This result is consistent with the microstructural 
analysis that indicated that the PVA-CNTs are much more finely dispersed in the polymer 
matrix in comparison to the COOH-CNTs.   
 
The small amount of PVA that is added to the high-Tg nanocomposite does not have any 
noticeable effect on the hydrophilicity of the coating.  Water uptake is minimal.  The low-Tg 
latex exhibits some water-whitening, but this is not adversely affected by the addition of 
PVA. 
 
4.  Conclusions  
Single-wall carbon nanotubes were functionalized with poly(vinyl alcohol) to render them 
water-soluble.  The CNT solutions were blended with acrylic latex dispersions to produce 
nanocomposite wateborne coatings.  Analysis by microscopy showed that the PVA-
functionalized CNTs were finely dispersed in the polymer matrix.  The nanocomposite films 
exhibited low optical absorption coefficients. It is expected that this type of nanocomposite 
coating will potentially exhibit high thermal and electrical conductivity along with high wear-
resistance while offering the advantage of solvent-free processing.  
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COOH-functionalized CNTs were dispersed in dimethyl formamide and were similarly 
blended with latex dispsersions.  In contrast to the PVA-functionalized CNTs, this type of 
nanotube was not as uniformly dispersed in the latex, resulting in higher optical absorption. 
Microscopy provided evidence for nanotube bundles.  In some cases, larger clusters were 
even apparent to the naked eye. 
 
Further study of the mechanical properties of the nanocomposites is underway in our 
laboratory.  Because the use of surfactants or other dispersants are avoided, the coating’s 
hydrophilicity and barrier properties are expected to be comparable to that of the parent latex 
coating. 
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Figure Captions 
 
Figure 1.  AFM images (height image on the left and phase contrast image on the right) of a 
dilute blend of the low-Tg latex and COOH-CNTs (0.4 wt %) cast on a mica surface. The 
arrows indicate where three latex particles are clustered on a SWNT. Area of image is 6 µm x 
6 µm. 
Figure 2.  Optical micrographs of nanocomposite films containing COOH-SWNTs.  (a) 0.2 
wt.% COOH-SWNTs in the high-Tg latex.  (b)  0.15 wt.% COOH-SWNTs in the low-Tg 
latex.  The scale bar represents 200 µm.  
Figure 3.  AFM images of the surfaces of latex films containing COOH-SWNTs.  (a)  Phase 
image of the low-Tg latex with 0.4 wt.% COOH-SWNTs.  (b) Topographic image of the 
high-Tg latex with 0.2 wt.% COOH-SWNTs.  Each image shows a 10 µm x 10 µm area. 
Figure 4.  SEM image of the cross-section of a nanocomposite film of the high-Tg latex and 
0.27 wt.% COOH-SWNTs. (a) Lower magnification (b) Higher magnification. 
Figure 5.  Image of nanocomposite films made from PVA-SWNTs and the high-Tg acrylic 
latex and cast on glass plates.  The SWNT concentration (wt.% on the polymer) is indicated. 
Figure 6.  Optical micrographs of nanocomposite films containing PVA-SWNTs.  (a) 2.5 
wt.% PVA-SWNTs in the high-Tg latex.  (b)  3.1 wt.% PVA-SWNTs in the low-Tg latex.  
The scale bar represents 200 µm.  
Figure 7.  SEM image of the cross-section of a nanocomposite film of the high-Tg latex and 
1.26 wt.% PVA-CNTs. (a) Lower magnification (b) Higher magnification. 
Figure 8. Optical absorption coefficients at a wavelength of 600 nm for four types of 
nanocomposite film.  Triangles indicate nanocomposites containing COOH-CNTs; squares 
indicate PVA-CNTs.  The filled symbols are for the low-Tg latex; the open symbols are for 
the high-Tg latex.
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Figure 2.  Optical micrographs of nanocomposite films containing COOH-SWNTs.  (a) 0.2 
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Figure 3.  AFM images of the surfaces of latex films containing COOH-SWNTs.  (a)  Phase 
image of the low-Tg latex with 0.4 wt.% COOH-SWNTs.  (b) Topographic image of the 
high-Tg latex with 0.2 wt.% COOH-SWNTs.  Each image shows a 10 µm x 10 µm area. 
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Figure 4.  SEM image of the cross-section of a nanocomposite film of the high-Tg latex and 
0.27 wt.% COOH-SWNTs. (a) Lower magnification (b) Higher magnification. 
 
(a) (b) 
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Figure 5.  Image of nanocomposite films made from PVA-SWNTs and the high-Tg acrylic 
latex and cast on glass plates.  The SWNT concentration (wt.% on the polymer) is indicated. 
1.26 wt.% SWNT 2.38 wt.% SWNT 
0.43 wt.% SWNT 0.25 wt.% SWNT 
High Tg Latex 0.11 wt.% SWNT 
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Figure 6.  Optical micrographs of nanocomposite films containing PVA-SWNTs.  (a) 2.5 
wt.% PVA-SWNTs in the high-Tg latex.  (b)  3.1 wt.% PVA-SWNTs in the low-Tg latex.  
The scale bar represents 200 µm.  
(a) (b) 
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Figure 7.  SEM image of the cross-section of a nanocomposite film of the high-Tg latex and 
1.26 wt.% PVA-CNTs. (a) Lower magnification (b) Higher magnification.  The cracks that 
appear in (b) are in the Au coating. 
(a) (b) 
Published in Progress in Organic Coatings (2006) 57(2),  91-97 
 22 
 
 
 
 
 
 
 
 
Figure 8. Optical absorption coefficients at a wavelength of 600 nm for four types of 
nanocomposite film.  Triangles indicate nanocomposites containing COOH-CNTs; squares 
indicate those with PVA-CNTs.  The filled symbols are for the low-Tg latex; the open 
symbols are for the high-Tg latex. 
 
 
